Substrate recycling is an interesting approach 1 for producing a highly sensitive enzyme electrode that can selectively measure substrates in the nanomolar range. Various sensors involving amplification by substrate recycling have been developed using either a bioelectrocatalytic 2,3 or a biocatalytic 4 approach. The bioelectrocatalytic approach is based on substrate recycling between an electrode and an enzyme, and is therefore limited to reversible redox species, such as catechol, 5,6 hydroquinone 7,8 and phenol. 9, 10 In contrast, biocatalytic approach can be performed by choosing a combination of coupled enzymes, such that the product of the first enzyme is the substrate of the second; such an amplification technique has been applied to the highly sensitive detection of various analytes by using an enzyme electrode [11] [12] [13] or an enzyme reactor 14,15 involving amplification based on substrate recycling.
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We are particularly interested in preparing an "amplified" electrode of flavin mononucleotide (FMN), which is one of the physiologically important coenzymes. However, an amplified electrode that functions for FMN has not yet been developed. This paper describes a bioelectrocatalytic approach to prepare an FMN electrode involving amplification based on substrate recycling between NADH-FMN oxidoreductase and the electrode, because FMN is an electrochemically reversible redox species.
Experimental
Reagents NADH-FMN oxidoreductase (EC 1.6.99.3, 0.043 U mg -1 of solid from Vibrio harveyi) was obtained from Sigma and NADH (reduced nicotinamide adenine dinucleotide) was from Oriental Yeast. FMN, bovine serum albumin (BSA, 96 -99% albumin), gelatin, and glutaraldehyde (20% solution) were obtained from Wako. They were used as received. All other chemicals were of analytical reagent grade. Phosphate buffers were prepared from sodium dihydrogenphosphate. Distilled water purified using a Millipore Milli-Q system (Nippon Millipore) was used throughout.
Preparation of FMN sensor
Prior to an enzyme coating, a glassy carbon (GC) disk electrode (3 mm in diameter) was first polished with 1 µm diamond particles (BAS, code no. 11-2054) and then 0.05 µm alumina particles, then washed with distilled water in an ultrasonic bath and allowed to dry in air. The enzyme electrode was then constructed by cross-linking NADH-FMN oxidoreductase and gelatin with glutaraldehyde on the same end of the GC electrode. The method was similar to that described previously 11 and was as follows.
The NADH-FMN oxidoreductase (5 mg; 0.22 U) and 6 µl of 10% (w/v) aqueous gelatin were added to 16 µl of 0.05 M sodium phosphate buffer (pH 6.5). A 2.5 µl portion of a 1% (v/v) solution of glutaraldehyde was added and mixed well. A 4 µl aliquot of the resulting solution was spin-coated on the surface of a GC electrode. The membrane was allowed to form for half a day at room temperature, open to the air. The completed enzyme electrode was stored in a sodium phosphate buffer (pH 6.7, 0.1 M) at 4 -5˚C when not in use.
Apparatus and procedures
Cyclic voltammetric and amperometric experiments were performed with a Fuso electrochemical system Model (HECS-312B) connected to a Rikendenshi F-36 XY/t recorder. All measurements were carried out in a three-electrode system with an enzyme electrode, an Ag/AgCl/KCl reference electrode, and a platinum wire auxiliary electrode, in a measuring cell thermostated at 25 ± 0.2˚C containing 5 ml of a supporting electrolyte solution (0.1 M, pH 6.7, sodium phosphate buffer) that had been deaerated with high-purity grade nitrogen gas before the measurement.
For amperometric measurements, the enzyme electrode was placed together with the same reference electrode and an auxiliary electrode in 5 ml of the same deaerated-buffer stirred with a 5-mm magnetic stirring bar. The electrode was then poised at -0.1 V vs. Ag/AgCl. After the baseline current had decayed to a steady-state value, an aliquot of the FMN solution was added from a microsyringe. A steady-state current was obtained within about three min.
Results and Discussion

Bioelectrocatalysis of FMN at enzyme electrode
The NADH-FMN oxidoreductase catalyzes the reduction of FMN to its reduced form (FMNH2) in the presence of excess of NADH. The sensor response is based on the anodic oxidation of the FMNH2 generated biocatalytically as analytical signals, as shown in Fig. 1. Figure 2 shows cyclic voltammograms of FMN recorded at the enzyme electrode in a pH 6.5 sodium phosphate buffer before and after the addition of 1 mM NADH. The reduction of FMN has been reported to proceed as a twoelectron reversible process. 16 This was also elucidated from our cyclic voltammetric experiments. In the absence of NADH, FMN gave a fairly reversible redox-couple. Both the cathodic and the anodic peaks were proportional to the square root of the potential scan-rate in the range between 10 and 200 mV s -1 , indicating diffusion control. However, after the addition of NADH, the cyclic voltammogram of FMN changed to a well defined sigmoidal form which was characteristic of electrocatalysis. The anodic peak became pronouncely larger, and no cathodic peak was observed, which indicates a fast reduction of FMN catalyzed by NADH-FMN oxidoreductase. Therefore, it was found that the biocatalytic and electrochemical steps were perfectly coupled in our biosensor system to enhance the sensitivity. From the hydrodynamic voltammograms of FMN recorded at the enzyme sensor, -0.1 V vs. Ag/AgCl was chosen as the optimum applied potential in the amperometric detection of FMN to obtain a high sensitivity and to avoid both the electroreduction of oxygen and the electrooxidation of NADH. At this applied potential, the enzyme electrode gave a negligibly small base-line current (about -2.8 -4.0 nA), even in the presence of 1 mM NADH, which was added to permit the recycling of FMN.
Amperometric detection of FMN
Experiments were first conducted to establish the optimum conditions for signal amplification.
As the NADH concentration in the solution (pH 6.5, 0.1 M sodium phosphate buffer) was increased from 0 to 1 mM, the sensitivity of the electrode to FMN was greatly increased, but the increase was slight at higher concentrations. Next, the effect of the pH on the electrode response was investigated; the maximum current was obtained at pH 6.5 -7.0; at lower and higher pH values the current gradually decreased. Therefore, 0.1 M sodium phosphate buffer of pH 6.7 containing 1 mM NADH was selected as the optimum electrolyte for subsequent work. The temperature also affected the sensitivity; when the temperature of the solution was elevated from room temperature to 37˚C, the sensitivity to FMN was increased by about 1.4 times. However, at higher temperatures the enzyme activity decreased daily, and therefore the measurements were made at 25 ± 0.2˚C throughout this work. Figure 3 shows log-log calibration graphs for FMN. The amplified response for FMN was obtained as the anodic current in the presence of 1 mM NADH in the solution, and at an applied potential of -0.1 V vs. Ag/AgCl, while no amplified response was obtained as the cathodic current at an applied potential of -0.5 V vs. Ag/AgCl in the absence of NADH. As a result, the amplified response resulted in greatly increased signals based on the bioelectrocatalytic recycling of FMN, and was about 25-times in sensitivity compared to no amplified response. The obtained calibration graph was linear over the concentration range of 1 × 10 -8 -5 × 10 -6 M FMN. The slope of the linear range was 81.1 µA mM -1 with a correlation coefficient of 0.998. The detection limit was 8 × 10 -9 M (S/N = 3). The relative standard deviations for seven replicate measurements were 5.8 and 2.6% for FMN concentrations of 5 × 10 -8 and 1 × 10 -6 M, respectively.
The apparent Michaelis-Menten constant (Km app ) and the maximum current density can be determined from the electrochemical Eadie-Hofstee form 17 current, Imax is the maximum current measured under conditions of enzyme saturation and C is the FMN concentrations. From the straight line (I vs. I/C) obtained experimentally, the Km app and Imax values for the FMN biosensor were found to be 39 µM and 1.19 µA, respectively. The stability of the enzyme electrode was evaluated by repeatitive use to confirm its stability (20 samples per hour); even after uses for 20 and 50 days, the enzyme electrode gave over 80 and 50% of the original signal for FMN, respectively, when it was stored at 4 -5˚C in the optimum electrolyte used for the measurement when not in use.
